Application of rhizospheric fungi is an effective and environmentally friendly method of improving plant growth and controlling many plant diseases. The current study was aimed to identify phytohormone-producing fungi from soil, to understand their roles in sesame plant growth, and to control Fusarium disease. Three predominant fungi (PNF1, PNF2, and PNF3) isolated from the rhizospheric soil of peanut plants were screened for their growth-promoting efficiency on sesame seedlings. Among these isolates, PNF2 significantly increased the shoot length and fresh weight of seedlings compared with controls. Analysis of the fungal culture filtrate showed a higher concentration of indole acetic acid in PNF2 than in the other isolates. PNF2 was identified as Penicillium sp. on the basis of phylogenetic analysis of ITS sequence similarity. The in vitro biocontrol activity of Penicillium sp. against Fusarium sp. was exhibited by a 49% inhibition of mycelial growth in a dual culture bioassay and by hyphal injuries as observed by scanning electron microscopy. In addition, greenhouse experiments revealed that Fusarium inhibited growth in sesame plants by damaging lipid membranes and reducing protein content. Co-cultivation with Penicillium sp. mitigated Fusarium-induced oxidative stress in sesame plants by limiting membrane lipid peroxidation, and by increasing the protein concentration, levels of antioxidants such as total polyphenols, and peroxidase and polyphenoloxidase activities. Thus, our findings suggest that Penicillium sp. is a potent plant growthpromoting fungus that has the ability to ameliorate damage caused by Fusarium infection in sesame cultivation.
Sesame is one of the oil seed crops and is widely grown in tropical and subtropical countries. It is rich in nutrients such as oil (45-60%), protein (18-28%), and other phytocompounds. The growth and yield characters of plants are affected by pathogens and other environmental factors. The disease-causing soilborne microorganism Fusarium sp. is a major cause of reduction in sesame crop yield [19] . Fusarium sp. is recorded as a causal agent for root rot, vascular wilt, and damping-off diseases in many crop plants [11] . It causes numerous detrimental effects including the production of reactive oxygen species (ROS) and membrane damage in infected plants [15] .
The detection of sesame genotypes resistant to Fusarium wilt disease has been a major research goal for improving cultivation [10, 19] . The traditional breeding of crop plants for resistance to Fusarium has not effectively controlled the disease because of the complex relationship between plant and pathogen [5] . Chemical fungicides such as benomyl, thiram, thiabendazole, and carbendazim are useful for preventing Fusarium infection in crop plants. However, although large quantities of fungicides are applied to crops, only very small quantities of them reach the target pathogen [32] . The deposition of chemical fungicides is harmful to other beneficial microbes and biological organisms in the soil, and it also pollutes the environment [13] . Thus, the use of biological agents to control Fusarium pathogens can offer a potential alternative to chemical fungicides [9] .
Biological control of soilborne disease has been studied for many years. Several microorganisms have been identified and reported as biocontrol agents to protect plants against disease-inducing pathogens [1, 5, 11, 30, 35] . Various bacterial *Corresponding author Phone: +82-55-350-1222; Fax: +82-55-352-3059; E-mail: shimkb@korea.kr strains such as Bacillus sp. and Pseudomonas sp. [13, 26] and fungal strains such as Trichoderma sp. and Sebacinales sp. [34] have been identified as biocontrol agents that inhibit the growth of Fusarium sp. Exogenous treatment with fungi is an environmentally friendly technology for improving the growth of plants and preventing disease. Soil fungi and endophytes secrete plant growth-promoting substances such as indole acetic acid (IAA) and gibberellins [8, 22] , whereas other secondary metabolites and antibiotic substances produced by such organisms inhibit the growth of phytopathogenic fungi [33] . Antagonistic microorganisms affect pathogenic organisms by parasitism, competition for nutrients or plant tissues, and antibiosis [1] . However, the systemic resistance mechanism in plants is involved in preventing pathogen damage, which includes increased antioxidant activity and reduction of ROS [15, 30, 34, 35] . Recent findings indicate that antagonistic fungi can reprogram plant gene expression during alleviation of pathogen infection [34] . Thus, the present study was attempted to determine the influence of an IAA-secreting plant growthpromoting fungus on sesame cultivation and its biocontrol activity against Fusarium disease.
MATERIALS AND METHODS

Isolation of Fungi from Rhizosphere Soil
Soil samples were collected from the rhizosphere of peanut plants growing at the National Institute of Crop Science in Miryang, South Korea. Plants were uprooted without damaging the root system and gently shaken to remove adhering soil. The soil samples were collected in a sterilized container. A serial dilution of each sample was placed on a petri plate containing potato dextrose agar (PDA). Plates were incubated at 28 ± 2 o C and the number of fungal colonies was observed after 2 days. Three predominant fungal strains, PNF1, PNF2, and PNF3, were isolated from the rhizosphere soil of peanut plants and cultured in potato dextrose broth (PDB) separately.
Fungal Inoculation and Plant Growth
Sesame (Sesamum indicum L.) cv. 90-day seeds were obtained from the sesame germplasm collection of the National Institute of Crop Science. Seeds were surface sterilized with 0.5% sodium hypochloride solution and rinsed with sterile distilled water several times. Surfacesterilized seeds were immersed in each fungal culture (PNF1, PNF2, and PNF3) or autoclaved PDB medium (as a control) and then agitated at 120 rpm for 4 h. The soaked seeds were placed in an autoclaved petri dish containing three layers of filter paper and kept in the dark at 27 ± 2 o C for 3 days, during which distilled water was applied at regular intervals. The length of shoots and the fresh weight of seedlings were measured on the third day.
Quantification of IAA in Fungal Cultures
PNF1, PNF2, and PNF3 fungal cultures were filtered through a 0.2 µm filter and the IAA in samples was analyzed on a high performance liquid chromatography (HPLC) system equipped with a C18 column and an ultraviolet (UV) detector absorbing at 280 nm. The mobile phase was methanol and water (80:20) at a flow rate of 1.5 ml/min. The sample injection volume was 10 µl. The retention time of sample peaks was compared with those of authentic IAA standards.
PNF2 DNA Isolation, Identification, and Phylogenetic Analysis Fungal genomic DNA was extracted from PNF2 using a fungal genomic DNA preparation kit following the manufacturer's recommendations (Solutions for Genetic Technologies, Daejeon, South Korea) and PCR was performed according to an established protocol [22] . The fungal isolate was identified by sequencing the internal transcribed spacer (ITS) region of 18S rDNA using universal primers: ITS-1, 5'-TCC GTA GGT GAA CCT GCG G-3'; and ITS-4, 5'-TCC TCC GCT TAT TGA TAT GC-3'. The BLAST search program (http://blast.ncbi.nlm.nih.gov) was used to compare the nucleotide sequence similarity of the ITS region of related fungi. Selected Penicillium sequences were aligned using ClustalW, and a neighbor-joining tree was constructed using MEGA (version 5) software [36] . Bootstrap replications (1K) were used as a statistical support for the nodes in the phylogenetic tree.
In Vitro Antifungal Activity Antagonism of PNF2 towards Fusarium was assayed by the dualculture method of Latha et al. [26] . Isolate Fusarium sp. 40240 was obtained from the National Institute of Agricultural Science and Technology, Suwon, Korea. The culture was maintained on PDA and PDB media at 28 ± 2 o C for 2 weeks and kept at 4 o C. PNF2 and Fusarium cultures (7 days old) in PDB were applied to 4 mm discs placed on opposite sides of petri dishes containing PDA medium in three replicates. The dishes were incubated for 14 days at 28 ± 2 o C and Fusarium mycelial was measured. The percentage inhibition (PI) of mycelial growth was calculated using the following formula: PI (%) = [(C-T)/C] × 100.
Scanning Electron Microscopy
The antagonistic effect of the PNF2 fungus on Fusarium was studied by scanning electron microscopy (SEM). A 6 mm mycelial disk from the area of interaction between Fusarium and PNF2 was used for SEM analysis following the method of Gajbhiye et al.
[11] with some modification. A pure Fusarium culture was used as a control. The fungal specimens were fixed with 2% buffered glutaraldehyde and dehydrated with serial alcohol treatments. The dried specimens were coated with gold particles and observed under SEM.
Greenhouse Study
The disease suppression capacity of the fungal antagonist was determined by pot assay under greenhouse conditions in a randomized block design. Sesame seeds were sown in pots containing sterilized yard manure pretreated with 5.0 ml of 1-month-old PNF2 cultures. The medium consisted of peat moss [13-18% (w/v)], perlite [7-11% (w/v)], coco-peat [63-68% (w/v)] and zeolite [6-8% (w/v)] and contained ~90 mg/kg NH 4+ , ~205 mg/kg NO 3-, ~350 mg/kg P 2 O 5 , and ~100 mg/kg K 2 O. Pots treated with sterile water served as a control. The plants were grown in a greenhouse under a day/night cycle of 16/8 h and at 28/20 o C and 60% relative humidity. Ten milliliters of Fusarium culture (1.9 × 10 4 CFU/ml) was applied to PNF2-treated and untreated pots after 50 days. The shoot length was measured and the plants were harvested 15 days after the appearance of wilting symptoms. The collected plants were kept at -80 o C until use.
